served groups than in the 0 h group (p ! 0.01). These results demonstrated that the changes in the three mechanical properties of the airway and the tissue started within 9 h of preservation.
Introduction
Lung transplantation has been successfully performed as a therapy for patients with end-stage lung diseases. However, the lung can be preserved safely for only 6-9 h, and primary pulmonary graft failure (poor gas exchange, edema, and increased vascular resistance) results in 10-20% of early postoperative death [1] . The quality of preservation is often evaluated by the pulmonary functional parameters such as gas exchange, pulmonary hemodynamics and lung compliance [2, 3] , alteration of the surfactant component in the alveolar space [4, 5] , histopathologic changes in the endothelial and alveolar epithelial cells [6] [7] [8] , and increase in the vascular permeability [9, 10] . These evaluations have mainly been performed to investigate the degree of deterioration during reperfusion. On the other hand, there have been only few studies about the changes of these parameters during preservation [11, 12] . To prevent the occurrence of primary graft non-function, it is necessary to evaluate the pulmonary function before reperfusion.
As for the lung mechanics during cold storage, the mechanical properties of the whole lung have been evaluated only by the pressure volume (P/V) curves [13] [14] [15] . However, the static compliance is not so sensitive to predict primary function, and the mechanical properties of the airway and tissue have not been studied yet. Thus, it is important to obtain detailed information about the changes in the lung mechanical properties during preservation, especially early periods of lung deterioration. Our previous study demonstrated that the lung preserved with phosphate buffer saline (PBS) began to deteriorate signifi cantly after 9 h of preservation [16] .
We hypothesized that the lung mechanical properties, including those of the airway and the lung parenchymal tissue, may initially change during cold preservation, with consequent changes in the mechanical properties of the whole lung. We used the forced oscillation technique (FOT) to measure the lung impedance (Z) that is partitioned into the airway and tissue properties on the basis of a simple lumped parameters model, in series with the so-called constant-phase model [17, 18] . Furthermore, the lung tissue mechanics were measured by quasi-static stretching of tissue strips.
Methods

Animal Preparation
Male Wistar rats weighting 290-340 g were used. All animals were treated in accordance with the Principles of Laboratory Animal Care proposed by the National Society for Medical Research, and in accordance with the Guide for the Care and Use of Laboratory Animals (NIH Publ. No. 86-23, revised in 1985) proposed by the National Academy of Science (USA), as well as the Guidelines for Animal Experiments of Kyoto University . The animals were anesthetized with intraperitoneal injection of pentobarbital (30 mg/ kg). After tracheotomy, a cannula (2 mm in internal diameter) was inserted into the trachea. During surgery, the rats were ventilated using a Harvard ventilator (model 665) under the following conditions: room air, 8-10 ml/kg body weight of tidal volume (V t ), 60 breaths/min, and no positive end-expiratory pressure (PEEP). After making a median abdominal incision and sternotomy, 500 IU of heparin were administered into the inferior vena cava, and a cannula was inserted into the main pulmonary artery (PA). The PA fl ush was performed with 50 ml of PBS at 4 ° C from a height of 20 cm. The heart-lung block was carefully excised. This protocol was approved by the Animal Research Committee, Graduate School of Medicine, Kyoto University (Med Kyo 03302).
Measurements of the Lung Mechanics Static Compliance
The static P/V curves after lung preservation were measured as previously described by Muscedere et al. [19] . Briefl y, the lungs were allowed to defl ate passively after preservation. The compliance was then measured by manually infl ating the lung with room air, beginning with two 0.5-ml aliquots of air, then with 1-ml increments until a transpulmonary pressure of 25 cm H 2 O was obtained. The defl ation loop of the PV curve was constructed by withdrawing air in the same manner. After each infl ation/defl ation, the pressure in the lung was allowed to stabilize for 10 s. We confi ned static compliance (C sta ) as the slope of the defl ation P/V curves. The pressure level to each volume (from 0 to 7 ml) was expressed as the C sta .
Dynamic Mechanical Properties
This technique enables measurement of the dynamic mechanical properties in the whole organ. The tracheal cannula of the isolated lung was connected to a computer-controlled small-animal ventilator (fl exiVent, SCIREQ, Montreal, Canada) that can be used to apply arbitrary broad-band perturbations in the air fl ow to the lungs to assess the respiratory mechanics non-invasively. Before the experiments, dynamic calibration signals of piston volume displacement and cylinder pressure were obtained from the ventilator by applying the volume perturbation through the tracheal cannula fi rst with the cannula completely blocked and then with the cannula open to the atmosphere. These calibration signals were used to remove the mechanical impedance of the tracheal cannula and the ventilator itself. The lungs were mechanically ventilated with room air at 60 breaths/min with V t of 10 ml/kg, and PEEP of 2 cm H 2 O that was adjusted by inserting the expiratory port of the mechanical ventilator into water. To eliminate atelectasis, three total lung capacity maneuvers were performed by closing the air outlet until an airway opening pressure of 30 cm H 2 O was obtained. The lungs were then mechanically ventilated for 5 min to stabilize the temperature of the whole lung at the room temperature. After total lung capacity maneuvers were performed twice, Z measurements were performed. Data sampling was started after 10 breathing cycles. A 16-second signal was applied to the airway opening pressure during pauses of regular ventilation. The volume perturbation waveform consisted of the sum of 19 sine waves having mutually prime frequencies from 0.25 to 19.625 Hz, and its peakpeak amplitude corresponded to 30% of the V t . After 5 min of the fi rst Z measurement, the procedure was repeated. The mean of the data at 5 and 10 min after cold storage was used for analysis. The lung surface was kept moist by regular spraying of saline.
Data Analysis
The measured Z was fi t to the constant phase model described by Hantos et al. [18] . Thus, Z = R aw + j I + (G -j H)/ ␣ , where R aw is the frequency-independent resistance, I is inertance, G is tissue resistance (energy dissipation), H is tissue elastance (energy storage), j is an imaginary unit, is the angular frequency, and ␣ is (2/ ) arctan (H/G). Hysteresivity ( ) was calculated as G/H.
Measurement of the Lung Tissue Strip Mechanics
Tissue Preparation After Z measurement, lung tissue strips were obtained. Briefl y, the isolated lungs were degassed and tissue strips (4.5 ! 4.5 ! 10 mm) from the left lung were prepared in an orientation parallel to the pleural surface with a ruler and a razor. The unloaded length (L r ) and wet weight (W) of each strip were recorded.
Experimental Apparatus for Quasi-Static Measurement
The apparatus (Stretch ® , Sholar-Tec., Osaka, Japan) was used for measurement. Each end of the tissue strip was fi xed with cya-noacrylate glue to a T-shaped clip made of polyethylene. The assembly was horizontally placed in a tissue bath fi lled with saline at the same temperature (32 ° C). One end of the strip was attached to a force transducer (UL-10GR, Minebe, Tokyo, Japan) and the other to a computer-controlled lever arm (model PK243-01A, Oriental Motor, Tokyo, Japan). The peak-to-peak length excursion and the length resolution of the servo-controlled lever arm were 9.9 and 0.1 mm, respectively. The lever system was connected to a function generator that controlled the waveform, frequency, and amplitude of oscillation. The length and force output signals were amplifi ed, converted from analog to digital (ADC-11, Pico Technology Ltd, Cambridge, UK), and recorded on an AT-compatible personal computer. The linearity and hysteresis of the measurement system were confi rmed with a steel spring of known stiffness. The spring was attached to the apparatus, and the measured spring stiffness showed neither frequency nor amplitude dependence, and the hysteresis of the stress-strain loop was negligible.
Quasi-Static Measurements
The stress-strain curves of the strips were obtained using the above-mentioned device. Before stretching, the strips were immersed in physiological saline at 32 ° C for 5 min to stabilize the tissue temperature. The lung strips were preconditioned by two slow cycles of the applied tension from 0 to 2 g. The strips were then stretched to a prestress (operating stress: 0.1 g/cm 2 ), and the corresponding length of the samples was measured in the bath. The samples were stretched in stepwise increments parallel to the water face from 0 to 50% of the strain for 2 min. The stress level to each strain was expressed as quasi-static elastance (E qs ).
Analysis of the Stress-Strain Relationship
The strain (%) was defi ned as % = ( L -L r ) ! 100/ L r , where L (cm) is the length from the start point, and L r (cm) is the unloaded length. The stress was defi ned according to the report of Al Jamal et al. [20] . Briefl y, the stress ( ) was calculated from = T/A 0 , where T (g) is the tension, and A 0 (cm 2 ) is the unstressed cross-sectional area of the strip. A 0 was calculated from the formula: A 0 = W/ ! L r , where is the mass density of the tissue taken as 1.06 g/cm 3 . The advantage of this method is that effects of the surfactant and localized atelectasis are negligible [21, 22] .
Experimental Group
There were three experimental groups. In the 0 h group (control), the lungs were immediately evaluated after the PA fl ush. The 9 and the 24 h group were preserved after the fl ush. The heart-lung blocks of the 9 and the 24 h group were infl ated with room air at a pressure of 14 cm H 2 O that was the same pressure we reported previously [15] and immersed in PBS at 4 ° C for 9 and 24 h, respectively. The preserved lungs were then evaluated with FOT and quasi-static measurements (n = 9 in each group) and with the P/V curves (n = 5 in each group). The selection of 9 and 24 h was based on our previous study, which showed that 9 h was the minimum period causing signifi cant pulmonary dysfunction after cold storage with PBS and 24 h was the period causing severe dysfunction [16] . When air leakage was noticed from the lung, the lung was excluded from the study.
Statistical Analysis
All data are expressed as the mean 8 SE. The statistical signifi cance was evaluated by analysis of variance and Scheffé's multiple comparison test. A p ! 0.05 was considered statistically signifi cant. StatView software (Abacus Concepts, Berkeley, Calif., USA) was used for the analysis.
Results
Static Compliance
The static P/V curves are shown in fi gure 1 . The curves of the preserved groups were shifted to the left. However, there was no signifi cant difference in C sta between the 0 h and the preserved groups.
Dynamic Lung Impedance Measurements
A representative lung-impedance spectrum from each rat group is shown in fi gure 2 . These examples are typical cases of all animal studies, and show a real part that decreases and an imaginary part that increases monotonically with frequency. The constant-phase model fi tted to Z very well in all cases.
The parameters R aw , G, and H obtained by fi tting the constant-phase model to Z in the 0 h and the preserved groups are shown in fi gure 3 . R aw (0.028 8 0.002 cm H 2 O ؒ s/ml: 24 h group; 0.034 8 0.001 cm H 2 O ؒ s/ml: 0 h group) was signifi cantly lower in the 24 h group than in the 0 h group. And R aw in the 9 h group trended to be lower than in the 0 h group (0.030 8 0.001 cm H 2 O ؒ s/ml, 9 h, p = 0.076) compared with the 0 h group. However, there were no signifi cant differences in G, H, and between the 0 h and the preserved groups. 
Tissue Level Mechanics
The quasi-static stress versus the stress-strain curves are shown in fi gure 4 . The curves in the preserved group were higher than those in the 0 h group. E qs signifi cantly increased in the preserved groups as compared with the 0 h group at 0-50% strain level. However, there were no signifi cant differences between the 9 and the 24 h group.
Discussion
In lung transplantation, cold preservation is an important process. Optimal preservation leads to preservation of better lung function and attenuation of the lung ischemia/reperfusion injuries [23] . Therefore, it is necessary to understand how the lung changes after cold preservation.
Static P/V Curves
The C sta calculated from the P/V curves has been known as a method for evaluation of the lung mechanics after cold preservation [13, 15] . We showed that the C sta did not change after 6 h of cold preservation with PBS as compared to that without preservation [15] . Andrade et al. [13] reported that the C sta obtained from the P/V curves decreased after 12 h of preservation in physiolog- ical saline at 4 ° C. These fi ndings suggest that the lung mechanical properties change during preservation (from 6 to 12 h). In our present study, there was no signifi cant difference in C sta , between the 0 h and the preserved groups ( fi g. 1 ). Our results revealed that the static mechanical properties do not change after 9 h of cold preservation. This discrepancy attributes to the difference of measurement protocol and of preservation condition, for example infl ation volume, pressure and solutions. The interpretation of the P/V curves is uncertain for several reasons [24] , i.e., differences in the regional lung compliance, intrapulmonary gas distribution, lung volume history, peripheral airway fl uid movement, expiratory-fl ow limitation, and differences between the infl ation and defl ation limb characteristics. As the lung is composed of vessels, alveolar walls, and bronchi, the P/V characteristics might be represented as integral changes of their mechanical properties. For the aforementioned reasons, it is unclear whether the lung mechanics of the preserved lung can be evaluated by the static PV curve. A more extensive technique is required. Therefore, in the present study, two new methods were used to evaluate the lung mechanical properties after cold preservation. At fi rst, we measured the dynamic mechanical properties by FOT that allows partition of the airway and tissue components in the whole organ. Therefore, the airway component has an airway resistance (R aw ) and the tissue component has a tissue resistance (G) and tissue elastance (H). We then measured the lung tissue stressstrain behavior using the excised tissue strips obtained from the preserved lungs.
Dynamic Mechanical Properties of Airway and Tissue
Since the preserved lung is subjected to the dynamic mechanical force by breathing after transplantation, it is important to evaluate the lung dynamic mechanical properties. However, little is known about the changes in the dynamic mechanical behavior after cold preservation. The assessment of lung mechanics has evolved in recent years by the development of FOT that enables measurement of the respiratory input impedance over a wide frequency range of pressure signals applied to the airway opening pressure [18, 25, 26] . Consequently, the dynamic lung mechanical properties apply not only to the fl ow-resistive behavior of the airway, but also to the viscoelastic or resistive behavior of the lung parenchymal tissue.
In our study, no signifi cant differences in G and H were found between the 0 h and the preserved groups ( fi g. 3 ). However, R aw was signifi cantly lower in the 24 h group than in the 0 h group ( fi g. 3 ). There was a trend to be lower in 9 h group compared with the 0 h group (p = 0.076) ( fi g. 3 ). The decrease of R aw may be attributed to the morphological changes in the airway caused by the structural changes of the lung parenchyma tissue surrounding the airway. Further studies are needed to investigate the interdependence between the airway and the tissue surrounding the airway after cold preservation.
Quasi-Static Stress-Strain Curves
As the surfactant and atelectasis may affect the mechanical properties obtained from the two methods in the whole organ level measurement, it is diffi cult to precisely evaluate the intrinsic elastic properties of the lung tissue. Fredberg et al. [21, 22] reported a method for examining the elastic behavior of the lung parenchyma in vitro. Sakai et al. [27] established a series of methods to evaluate the mechanical properties of both isolated lung and the excised tissue strips in the rat. Although the lung tissue mechanics have been investigated in the mature rat lungs [28, 29] and the lungs of emphysema and fi brosis models [30, 31] , nothing has been reported about the preserved lung. In our study, we evaluated the tissue stressstrain curves obtained by quasi-statically stretching of the excised tissue strips. Our results demonstrated a leftward shift of the stress-strain curves in the preserved group ( fi g. 4 ) . That is, the tissue elasticity as characterized by E qs signifi cantly increased after preservation. The viscoelasticity of a fl uid generally depends on the temperature. In our present study, tissue strip measurements were performed at the same temperature. Thus, this change in the elastic behavior seems not to have depended on the temperature in the organ bath. Our results demonstrated that the tissue elasticity increased after 9 and 24 h of cold preservation, which was not detectable by the PV curve. However, there was no signifi cant difference between the 9 h group and the 24 h group. We speculate that the changes in the tissue mechanical properties are involved in the decrease of R aw . The structural changes in the tissue surrounding the airway may lead to the morphological changes in the airway. It has been reported that the structural and/or biochemical changes in the extracellular matrix (ECM) components, such as collagen, elastin, proteoglycan, and glycosaminoglycan, contributed to the viscoelasticity and elasticity [20, 31, 32] . The ECM in the lung parenchyma tissue forms a collagen-elastin-proteoglycan network like nylon stocking [33, 34] and plays an important role in the maintenance of the pulmonary function and structure. Therefore, various changes in ECM, such as fragmentation and/or degradation of the ECM components and changes in the ionic composition around the ECM components, cause changes in the tissue elasticity [35] . In our study, however, the histological examination did not show any changes in collagen, elastic fi bers, or heparin sulfate, a kind of glycosaminoglycan [unpubl. data].
The mechanical properties of the lung parenchyma are critical determinants of the physiological functions of the lung during reperfusion and after transplantation. For example, the stress-strain relationship of the parenchyma infl uences the distribution of ventilation and the impacts on gas exchange [31] . We previously evaluated the degree of lung reperfusion injury after cold preservation in an ex vivo rat lung model. We showed that the gas oxygenation deteriorated after 9 h of preservation of the lung, as compared with that of the non-preserved lung [16] . Accordingly, the changes in the lung tissue mechanical properties during cold preservation may infl uence the gas exchange during reperfusion.
Clinical Application
There was no useful and objective standard to evaluate the donor lung before reperfusion. In addition, little is clinically known about the lung mechanical changes during cold preservation. FOT that enables invasive measurement has a potential to evaluate the lung of the donors and/or the recipients before lung transplantation. And the stress-strain measurement using small tissue strips may apply to the real-time evaluation of the lung allograft in transplantation. Thus, it is necessary to investigate the relationship of the changes in the mechanical properties to the lung function parameters after reperfusion.
The selection of the preservation solution and of the storage time was based on our previous experiment, which showed the lung function preserved with PBS for 9 and 24 h with ex vivo rat lung reperfusion model [16] . And PBS was available to evaluate the basic change in tissue during cold preservation because of simple composition. Further studies are needed to evaluate the effect of the preservation solution and time on lung mechanics.
In conclusion, our results demonstrated that the changes in the airway resistance and lung parenchyma tissue elasticity have already started after 9 h of preservation. However, these changes are undetectable by the static PV curve. The present study is the fi rst to provide new and detailed information about the changes in the mechanical properties of the preserved lung. FOT may be a useful approach to study the dynamic mechanical properties. Moreover, the stress-strain curve has substantial practical advantages for sensitive detection of the tissue mechanical properties.
